A simple and sensitive gas chromatography method was developed to determine a group of oestrogens in surface water. In the first stage of analysis, enzymatic hydrolysis of oestrogen metabolites with glucuronidase AS-HP was performed. Free compounds were extracted from 200 mL of water sample on C18 SPE column (6 mL, 1000 mg). The evaporated extract was subjected to derivatisation with a mixture of MSTFA/NH4I/DTT (1000:2:5, v/w/w). The separation of the analytes on HP-5ms capillary column was conducted. The method was validated according to the Commission Decision 2002/657/EC. Recovery in spiked samples ranged from 90% to 120 % with standard deviation lower than 30% for all examined compounds. The decision limit and detection capability of five oestrogens were in the range of 0.3-0.6 ng L -1 and 0.5-0.9 ng L -1 , respectively. Nineteen water samples collected from different sites of several Polish rivers and lakes were tested for the presence of oestrogens. Some target compounds such as 17α-oestradiol, 17β-oestradiol, oestrone, oestriol, and 17α-ethynyloestradiol were found in trace amounts in the analysed samples. The highest concentration observed for oestradiol reached 23 ng L -1 .
Introduction
Oestrogens are female steroid hormones that are produced by the ovaries and, in lesser amounts, by the adrenal cortex, placenta, and testes. Oestrogens have a great impact on the functioning of the body of animals and humans. They coordinate and regulate the activity of many organs and tissues of the body, act on the metabolism and above all on the reproductive system. The most potent of naturally occurring oestrogens -17β-estradiol is synthesised and secreted in early stages of embryogenesis, and has an active role in the normal development of the female sex accessories during the lifetime of females (7) . Oestrogens deficiency may be the cause of many disorders both during puberty (25) and in older age due to persistent difficulties associated with menopause and osteoporosis (1, 4, 23) . In the treatment of oestrogens-dependent diseases, the formulations containing natural and synthetic oestrogens are used. Oestrogens are included in many oral contraceptives. Furthermore, some countries allow the use of hormonal oestrogenic compounds for anabolic purpose in the fattening of slaughter animals. Therefore, steroid oestrogens of anthropogenic origin have been determined as the major endocrine-disruptors in environmental samples (28) . Endocrine-disrupting effects in the aquatic environment can probably be attributed to the presence of these compounds, amongst others, in river water (30, 19, 35) . Studies revealed the major health effects associated with exposure of different fish species to oestrogenic compounds including altered sexual development, presence of intersex species, changed mating behaviour etc. (13) . Oestrogens, in addition to non-steroidal anti-inflammatory drugs and antibiotics belong to the most frequently detected drugs in surface waters (29) . These compounds can also seep into the groundwater and are detected in drinking water (20) , which poses a risk to human's health. Up till now, European and Polish law has not yet established the limits for drugs and hormones in environmental water samples. However, according to the Council Directive 2013/39/EU of 12 August 2013 (10) , additional substances which have a significant risk at Union level to the aquatic environment and for which monitoring data is insufficient, are included in the first watch list. Among compounds which should be monitored are two oestrogens -17β-oestradiol and 17α-ethinylestradiol. Taking into account, that detected concentrations of oestrogenic steroids in surface water are of the order of ng L -1
; a very sensitive method should be available for effective control. In recent years, a number of methods for the detection of oestrogenic disrupters in environmental samples, such as surface and waste water, sewage, or sludge were published (34, 18, 24, 32) . Among the most widespread techniques, such as GC-MS (5, 36), GC-MS/MS (2, 31), and LC-MS/MS (21, 37) , that are used for the analysis of oestrogenic compounds, biological methods, including immunoassay (16) or in vitro bioassays (33) have been also reported, particularly for water samples. For many years immunoassay methods, such as ELISA or RIA have been the most sensitive techniques in determination of steroids in environmental samples, although some limitations e.g. a limited number of the examined analytes using a single test has precluded their extensive use. Bioassay methods are promising alternatives to instrumental techniques. They allow for evaluation of the integrated oestrogenic activity in environmental samples when all compounds contributing to the activity are not known. Currently, chromatographic methods are the most important, because of equal sensitivity to biological methods and possibility of simultaneous determination of different classes of compounds, including both steroids and their conjugates.
The aim of the study was to develop a sensitive and simple method for determination of five principal oestrogens -17β-oestradiol, 17α-oestradiol, oestrone, oestriol, and 17α-ethynyloestradiol in samples of surface water based on gas chromatography-mass spectrometry, and then to apply the developed method to determine these steroid compounds in surface water of some rivers and lakes in Poland. The method will also be used to study drinking water collected at farms in the frame of control of residues of anabolic hormones in animals for slaughter.
Material and Methods
Reagents and chemicals. Standards of oestrogens: 17α-oestradiol (≥98%), 17β-oestradiol (min. 98%), Oestriol (min. 99%), Oestrone (≥99%) were obtained from Sigma-Aldrich (Germany), Ethynyloestradiol (99% ± 0.5%) from Dr Ehrenstorfer (Augsburg, Germany). The deuterated internal standard was 17β-oestradiol-d3 (>95%) obtained from RIKILT (Institute of Food Safety, the Netherlands). All standards were stored in accordance with the recommendations provided in the certificates.
Primary standard stock solutions were prepared in methanol at a concentration of 1 mg mL -1 or 10 μg L -1 , and were stored below -18°C. Working solutions with a concentration of 10 μg
, and 0.01 μg L -1 were prepared by 10-fold dilution of the stock solutions with methanol. All solutions were stored at a temperature of about 4°C (range 2-8°C) for no longer than six months. Methanol (residue grade quality) and solid-phase extraction (SPE) columns (Bakerbond® C18 1000 mg/6 mL) were supplied by Mall Baker (Deventer, the Netherlands), water was purified using a Milli-Q system (Millipore, USA). Derivatisation reagents: N-methyl-N-trimethylsilyltrifluoroacetamide (MSTFA) (GC grade), ammonium iodide (NH4I), and dithiothreitol (DTT) were purchased from Sigma Aldrich (Germany). Derivatisation mixture was prepared by dissolving 2 mg of NH4I and 5 mg of DTT in 1000 µL of MSTFA.
GC-MS measurement. For GC-MS analysis, gas chromatograph HP 6890 connected to a HP 5973 single quadrupole mass-selective detector (from Agilent Technologies) was used. Analyses were performed using a non-polar Agilent HP 5 ms capillary column (30 m, 0.25 mm i.d., 0.25 μm film thickness). The injector temperature was set at 250°C, the quadrupole and ion source temperatures were set at 150°C and 230°C, respectively. The column temperature was maintained at 120°C for 2 min, then programmed at 10°C min -1 to 270°C and held for 5 min, a further rise of temperature was 30ºC to 300ºC and kept for 7 min. Samples (2 μL) injection was performed by pulsed Splitless mode using helium as carrier gas at a flow rate of 0.9 mL min -1 . The GC-MS apparatus was operated in positive electron impact (EI) ionisation mode at 70 eV. Acquisitions were performed in selected ion monitoring (SIM) mode using the Agilent MSD ChemStation D.01.00 software. In Table 1 , the ions used for detection of oestrogens are presented.
Optimisation of extraction. In order to optimise the extraction of analytes from water samples, two methods were examined: the liquid -liquid extraction and solid phase extraction. The river water samples (200 mL) were spiked with each oestrogen to a concentration of 2 ng L -1 and extracted with 300 mL mixture of tert-butyl methyl ether/petroleum ether (30:70, v/v). After phase separation, the bottle content was frozen at <-18°C for 2 h. Then, the organic phase was decanted into a glass tube, evaporated at 60°C under a stream of nitrogen, derivatised with 50 μL of MSTFA mixture, and determined by GC-MS.
In the second method, a C18 column (6 mL, 1000 mg sorbent materials) was applied for the isolation of oestrogens from spiked water samples. For conditioning step, methanol and water were used, respectively, for washing -methanol/water mixture (60:40, v/v), and elution was conducted with methanol/water mixture (80:20, v/v). Efficiency of the methods was evaluated on the basis of recovery extraction expressed as the ratio of the response of sample with analyte to the response of post-extracted spiked sample. Sample preparation. Two hundred millilitres of water, centrifuged, and, if necessary, filtered through membrane filters (ø25 mm, 0.45 m) for clarification of aqueous solutions (Millex®-HA, Millipore, Ireland) were adjusted to pH 5.2 by adding a few drops of glacial acetic acid. Then, 50 μL of glucuronidase AS -HP were added and enzymatic hydrolysis at 37°C (±2°C) overnight (16-20 h) was conducted. Ten microlitres of internal standard -17β-oestradiol-d3 at a concentration of 0.1 µg mL -1 , was added to obtain a final concentration of 5 ng L -1
. The oestrogens were extracted from water on the C18 SPE column previously conditioned with 6 mL of methanol and 6 mL of deionised water. The column was washed with 6 mL of deionised water and 6 mL of methanol/water mixture (60:40, v/v), then the column was dried under vacuum for 5 min. Elution of analytes was performed with 6 mL of methanol/water mixture (80:20, v/v) and the extract was evaporated to dryness under stream of nitrogen. The residues were dissolved in 500 μL of ethanol, transferred to derivatisation vial, and evaporated to dryness again. The derivatisation of oestrogens was performed with 50 µL of MSTFA/NH4I/DTT (1000 mL: 2 mg: 5 mg) solution for 20 min at 60C (±2°C). The derivatisation mixture was diluted with 30 µL of isooctane, transferred to glass insert, and then the injection into GC-MS system was performed.
Validation. According to the Council Directive 2009/90/EC (9) defining the technical specifications for chemical analysis and monitoring of water status, the method should be validated and documented in accordance with EN ISO/IEC-17025 standard or other equivalent standards accepted at international level. Therefore, the developed method was validated according to Commission Decision 2002/657/EC requirements (8) , concerning the criteria for analytical residue methods, but for matrices of animal origin. Because there are no limits for oestrogen concentrations in environmental water samples, the concentration of 2 ng L -1 has been adopted as the validation level. The validation process globally included 83 assays performed with water samples. Validation studies included four experiments in which the specificity, precision (repeatability and within-laboratory reproducibility), recovery, decision limit (CC), and uncertainty of the method were evaluated. In order to determine the signal specificity, ten different surface water samples, simultaneously with the same ten samples fortified with oestrogens at validation levels were analysed. Within three days, three series of blank water samples fortified Based on these experiments, precision (repeatability and within-laboratory reproducibility), recovery, CC, detection capability (CC), limit of detection (LOD), and limit of quantification (LOQ) of the methods were evaluated. The CC and CC were calculated using "ResVal" (3) . To calculate individual parameters of the method, the software "ResVal"(v 2.0) (3) was used, which was intended for the validation of analytical methods.
Quality assurance. To check the operational conditions of the GC-MS device, auto tune was performed and verified before analysis. For each analytical batch calibration curves were prepared over analyte concentration ranging from 0 to 25 ng L-1. Each target analyte was quantified from calibration curve by the ''internal standard technique" with 17β-oestradiol-d3 as the internal standard. In each series of the studies, spiked samples were analysed to verify the quality of the results.
Results
The validation results of the method developed for determination of 17β-oestradiol (17β-E2), 17α-oestradiol (17α-E2), oestriol (E3), oestrone (E1), and 17α-ethynyloestradiol (EE2) in surface water samples are presented in Table 2 .
The results summarised in the table show the high accuracy of the method. The average apparent recovery (internal standard-corrected) was high and exceeded the value of 90% for five analytes. The developed method was characterised by good precision. The relative standard deviation of repeatability and within-lab reproducibility for most of the analytes did not exceed 25% and 30% respectively. The obtained decision limits and detection capability were below 1 ng L -1
; the values of LOD were of the same order of CCα, and LOQ slightly higher than the CCβ. Calibration curves of each analytes showed excellent linearity over the entire range with correlation coefficients higher than 0.999.
The specificity studies demonstrated no co-eluting peaks in the range of the retention times of the oestrogens, as shown in Fig. 1 . 
Discussion
Despite increasing popularity in recent years of LC-MS methods for determination of endocrine disrupters in environmental samples, GC-MS is still the most widely applied technique for the determination of oestrogens in water, mainly due to its high separation capabilities and sensitivity (15) . In addition, both of these analytical techniques allow achieving very low, comparable detection limits. Therefore, in the present study, gas chromatographymass spectrometry was applied. Electron impact (EI) was chosen as the ionisation method, resulting in good fragmentation of oestrogens, and enabling to obtain characteristic mass spectrum. To achieve the best sensitivity, GC-MS was performed in SIM mode. Injection of the sample on the column was performed by pulsed Splitless mode, which is suitable for samples containing analytes with low or very low concentration. Chromatographic separation of the five oestrogens was performed in 25 min on non-polar HP-5ms column, universal for many groups of compounds.
The analysis of hormones by GC requires a derivatisation to improve the chromatographic properties of the analytes, increase volatility and thermal stability of the target compounds, increase the sensitivity and selectivity determinations, and reduce their polarity. Acylation or silylation are most frequently used methods for conversion of oestrogens in volatile compounds. The acylation can be performed with heptafluorobutyric anhydride or pentafluoropropionic anhydride, while silylation using halides, amines, esters, and amides of trimethylsilane (TMS), among which N, O-bis-trimethylsilyltrifluoroacetamide (BSTFA) and N-methyl-Ntrimethylsilyl-trifluoroacetamide (MSTFA) are the most popular. Silylation reactions are conducted in the presence of catalysts, such as trimethyliodosilane (TMIS), or ammonium iodide (NH4I) to improve stability of the derivatives, reducing the fragmentation, and increasing the ion intensity. Additionally, dithiothreitol (DTT) or 2-mercaptoetanol is used as antioxidant to prevent the formation of iodine and delay degradation of the derivatisation mixture (22, 26) .
In the present study, two the most commonly applied derivatisation agents were used: HFBA and MSTFA in silylation mixture consisting, besides of MSTFA (silylation reagent), NH4I (catalyst) and DTT (reductant) in the ratio 1000:2:5 (v/w/w). Because in the case of 17α-ethynylestradiol chromatographic response of the HFBA derivative was week, the derivatisation mixture MSTFA/ NH4I/DTT was selected as the one giving the total derivatisation of target hormones with good sensitivity.
Sample preparation process is very important to achieve good recovery and low detection limits. At the beginning, the centrifugation and filtration of surface water samples were applied to remove organic material and suspended particles. Because human and animal excretion is cited to be the main source of steroidal hormones in aquatic environment (17) , part of the oestrogens removed from the body appears in the form of conjugates, usually in the form of sulphates and glucuronides. The conversion of conjugated forms into the active hormones requires inclusion of a hydrolysis step. Therefore, as the first stage, the enzymatic hydrolysis using glucuronidase AS HP was performed before the isolation of oestrogens from water matrix.
Extraction of oestrogenic compounds from water is most often performed by solid-phase extraction (SPE) or liquid-liquid (LLE). In the current research, both methods were tested to study the effect of different extraction procedures on sample recovery. Being only moderately polar, free steroids can be easily extracted from aqueous media using apolar solvents (11) . Therefore, a mixture of petroleum ether and tert-butyl methyl ether (30:70, v/v), successfully used in the laboratory of Department of Pharmacology and Toxicology, for the extraction of oestradiol from serum samples, was applied for the isolation of oestrogens from water samples. This chosen solvent system proved to be effective, since the obtained extracts were pure and the recovery exceeded 70%. Application of a solid phase extraction with C18 columns for the isolation of oestrogens from water samples gave a recovery above 80%; therefore, SPE was applied in the method. Additionally, in comparison with LLE, SPE is a solvent -free extraction way with only small consumption of organic solvent necessary for elution of analytes from column and producing less environmental waste. Since pure extracts were obtained, as evidenced by the chromatogram of blank matrix sample presented in Fig. 1 (a) , no further purification step was applied.
The methods were validated according to the common criteria specified in Commission Decision 2002/657/EC (8) in terms of recovery, linearity, repeatability, reproducibility, and specificity. Additionally, based on the validation data, LOD and LOQ were also determined because these parameters are much more common in the literature related to environmental studies than CCα and CCβ, which are widely used in the analysis of residues.
The specificity of the methods was determined by the analysis of 10 different blank water samples and samples fortified with analytes at 2 ng L -1 . These water samples were quantified with RSD between 8% for oestradiol and 23% for oestrone. Under the current GC-MS conditions, oestrogens were well separated from interferences in the matrix blank. Chromatograms of 10 lots of blank water were found to contain no co-eluted peak with any of the analytes and internal standards. Representative chromatograms of blank water sample with internal standards and blank fortified at 2 ng L -1 are shown in Fig. 1 .
Linearity is the ability of the method to be proportional to the concentration of the analytes within a given range. The standard curve range was 0-25 ng L -1 for compounds tested. Calibration curves for the analytes were obtained by plotting the peak area ratio of the analytes and internal standards against the corresponding hormone concentrations. Perfect linearity was achieved in these concentration ranges with the correlation coefficients greater than 0.999 for all compounds analysed.
Recovery experiments were performed by spiking blank water samples at five concentration levels (1, 2, 3, 4, and 10 ng L -1 ) and adding internal standard 17β-oestradiol-d3 to reach a concentration of 5 ng L -1 , prior to the extraction. Very good apparent recoveries ranging from 84.7 to 125.8% for the spiking levels for five oestrogens were obtained. Application of stable isotope-labelled internal standard improved recovery by accounting extraction losses during sample preparation. Absolute recovery values (without IS correction) were also high and ranged from 72% to 91% for oestrone and 17β-oestradiol respectively, which proves the effectiveness of the sample preparation.
The repeatability and reproducibility for five oestrogens were determined by analysis of fortified water samples for three days at three concentration levels, similarly as in the case of recovery examination. Given such a low concentration range, the R.S.D values below 25%, were obtained for most analytes, indicating a good precision of method.
The values of CCα and LOD were very similar and did not exceed 1 ng L -1 for all oestrogenic compounds studied. While, the LOQ values were slightly higher than the calculated CCβ concentration and for 17β-oestradiol, oestrone, and ethynyloestradiol exceed of 1 ng L -1
. The obtained detection limits were comparable (31), or much lower (27) , with those published by other authors using GC-MS. (12) . Biological methods, such as in vitro yeast screen bioassay allow evaluating the integrated oestrogenic activity in surface water with limit expressed as oestradiol equivalent (EEQ) at 0.2 ng L -1 (33) , whereas ELISA enables the determination of oestradiol and ethynyloestradiol at 0.05 ng L -1 concentration level (16) . In view of these data, the developed method is characterised by a very good sensitivity and is a useful tool for control of oestrogens in surface water samples.
The measurement of uncertainty was evaluated based on the within laboratory reproducibility over three days of experiments, and the repeatability due to matrix effects caused by different varieties of water samples tested during specificity study. The assigned expanded uncertainty with application of a coverage factor of 2 ranged from 24% to 48%, depending on the analyte and was slightly higher than those obtained by LC-MS/MS technique (14) .
This sensitive method was successfully applied in the analysis of 19 water samples collected from five Polish rivers and three lakes in July 2011. The surface water samples were collected from rivers, including the Vistula (near the Cracow, Grabie, Secymin, Nowy Dwór Mazowiecki), Odra River (Wroclaw, Warta River estuary), Dunajec River (Nowy Sącz, Kurów), Brda River (Człuchów -near the pig farm), and Wkra River (Żuromin -near the poultry farm). Four water samples were taken from the lakes (Lake Łańskie, Lake Maróz -Mazury-Olsztyn, Lake Lipczyno WielkiePomorze) and one in industrial area from a water reservoir near the Rybnik Power Station. All studied hormones were determined in the samples. The most frequent compounds were 17α-oestradiol and 17β-oestradiol, for which the detected concentration varied from 0.7 to 23.3 ng L -1 . In ten samples oestriol and in four samples oestrone were detected, whose concentrations were in the range from 0.9 ng L -1 to 5 ng L -1 . The 17α-ethynyloestradiol was found in six water samples, the concentration of this compound ranged from 1.2 ng L -1 to 6 ng L -1 . The least of the oestrogens were found in the waters of the Vistula. Higher levels of the tested hormones were detected in smaller rivers, especially in the vicinity of farms of breeding animals. Fig. 2 shows chromatograms of water samples taken from the Brda River (near large pig's farms) in which natural and synthetic oestrogens were found above the decision limits.
Previous studies reported no steroid oestrogens (22, 27) or their low concentrations (1-1.3 ng L -1 ) in water of Polish rivers (6) , but these studies were smaller in scope and focused on individual rivers. Low oestrogen concentrations at few ng L -1 were reported in river waters of some other countries such as China (15, 33) , United Kingdom (36) , and United States (16) . Determined concentrations of steroid hormones in river waters rarely exceed 20 ng L -1
. As in our study, the most detected compound was 17β-oestradiol.
For the first time, the assessment of oestrogenic contamination of surface waters of several Polish rivers and lakes was performed. The study demonstrated the presence of natural and synthetic oestrogens at ng L -1 level that may adversely affect the aquatic environment. The results obtained also indicate that the effectiveness of waste-water-treatment plants is not always sufficient. Since pharmaceutical products, including oestrogenic compounds, are being detected increasingly frequently in the environmental samples, monitoring the occurrence, transformation, and fate of endocrine disruptors is required to estimate the risk to human health and the environment. 
